Among inorganic electrochromic (EC) materials, NiO has been largely studied as a promising candidate to commercially substitute used lrOx. Anodic electrochromism takes place upon ions interca lation/desintercalation, and is associated with an optical trans mittance modulation [ 1 ] . that can be described in a band structure mode), with Fermi level changes [2] . NiO is known as a good candidate for EC device (3] , but a remaining issue is the residual optical absorption in the 400 <À< 500 nm wavelength range, consequently precluding a fully transparent state [4] . Indeed, the modulation in the ultraviolet band has been rarely studied and reversely most research focus on improving EC behaviors in the wide visible region, mainly because it is thought to be Jess mean ingful to adjust transmittance in the known narrow wavelength range without realizing its relevance to the important color neutrality. Although the switching in short wavelength has been long time overlooked, adding proper dopants is expected to deliver enhanced bleached transparency at À< 500 nm due to the broad ened optical band gap and corresponding decreased absorbance [5] . C.G. Granqvist et al. (6] have reported that the bleached state absorbance could be significantly lowered when the addictive is Mg, Al, Si, i.e., a type known to form oxides with large optical band gaps. The charge capacity will not impaired by this doping. Similar interest in Mg doping in NiO thin films was reported by Chen et al. painting out the Jack of understanding for such effect [7] . They report improve transparency for MgxNi 1 _xO thin films up to x 0.52 over a wild ultraviolet-visible spectral range. The authors found that the electronic structures are mainly a result ofhybridization of Ni 3d and O 2p in the Ni06 octahedra and the reduction of the Zhang Rice bound state following Mg doping.
In our work, co addition of Li and Mg is investigated for sput tered NiO thin films. More precisely, the influence of the power applied to the Li Mg alloy target, leading to possible Li Mg insertion in NiO layer, on composition, structure, morphological properties and electrochemical as well as optical behaviors, is extensively studied. The role of Mg additive in NiO is aimed to eliminate the absorption in the transparent state, and to improve the electro chromism, especially in the short wavelength range. Our current research demonstrates that enhanced bleached transparency in short wavelength region without compromising charge capacities in fact, superior to that of pure NiO can be found in optimized NiO:(Li, Mg) thin film material.
Many designs of EC devices containing gel, semi solid or poly mer electrolyte in a sandwich structure have been proposed [8] . However, systems composing of solid thin films are superior to lamination structure with respect to reliability, durability and large area applications [9, 10] . Therefore, it is of particular interest to search monolithic system fabrication approaches in order to ach ieve cost effectively and commercial displays. Great attention has been paid to the replacement of the liquid, gel, semi solid or polymer ion conductors with inorganic typical lithium salts based electrolyte (eg. LiTaO 3 , LiNbO 3 , LiPON) sputtered from low efficient, high cost ceramic targets [11, 12] , remaining complex technological and costing issues desired to be solved for commercial purposes. The relative shortcomings of Li containing electrolytes constitute a big obstacle towards the development of monolithic EC devices. Differently, the co doping of NiO with Mg and Li has the advantage of simultaneously widening the gap and avoiding the use of Li containing electrolyte, through NiO pre lithiation. The optimal device Glass/ITO/NiO:(Li, Mg)/Ta 2 O 5 /WO 3 /ITO is expected to be capable of displaying excellent EC behaviors and large switchable eletrochromism in short wavelengths. Li in NiO layer is the main factor contributing to the color change. Ta 2 O 5 functions as ion conductor to make the device complete, assuring the optical modulation. This simplified, low cost and new device design is valuable for inorganic EC applications desired for commercial production and opens a different direction for achieving large, switchable electrochromism in full optical spectra.
Experimental section
Deposition: NiO:(Li, Mg) films were deposited by direct current (DC) magnetron co sputtering from one Ni (99.99%) metal target and one Li Mg alloy target onto bare glass, coated glass with Indium Tin Oxide (ITO) or quartz substrates (for optical band gap calcula tion). The Ar/O 2 mixture gas flow was fixed at 47/6, base pressure at 2.5 Pa, and target to substrate separation distance at 17 cm.
Li Mg content was modulated by applying various powers, from 0 to 80 W, to Li Mg alloy target while it was kept constant to 250 W for Ni target. The thickness of the films was determined by Alpha step apparatus (Dektak6M). As a result of much higher growth rate for NiO films (z20 nm/min) as compared to Li Table 1 .
Characterization: Elemental compositions were determined by Secondary Ion Mass Spectroscopy (SIMS) and X ray Photoelectron Spectroscopy (XPS) using a Cameca IMS4FE6 and Thermofisher ESCALAB 250Xi apparatus, respectively. X Ray Diffraction (XRD) and Raman spectroscopy were used for the structural character izations. XRD patterns were recorded with a Rigaku D/Max 2200 diffractometer using Cu K a source (l 1.5405 Å). Raman spectra were collected under ambient conditions using Horiba Jobin Yvon LabRAM HR 800 spectrometer equipped with a fiber coupled 532 nm laser. Spectra acquisition was carried out for 300 s using a Â100 objective lens and 600 gr/mm grating. During the mea surement, the resulting laser power at the surface of the sample was adjusted to 1.7 mW. The surface topography of the films was observed by a Nanosurf Easyscan 2 Atomic Force Microscope (AFM).
Electrochemical and optical measurements: Cyclic voltammetry (CVs) measurements were carried out in conventional three electrode cell configuration on a Princeton VersaSTAT 4 electro chemical workstation. Ag/AgCl was used as reference electrode and Pt as counter electrode. The UV VIS optical transmittance, absor bance and reflectance of the films was measured on a Jasco V 570 UV/VIS/NIR spectrophotometer.
Results and discussion

Composition and valence states
To prove the successful introduction of Li and Mg, the compo sitional analysis was conducted by SIMS and XPS characterizations. SIMS profile shown in Fig. 1 exhibits the composition comparison of pure NiO and NiO:(Li, Mg) 25 W films. In panel (a), the Ni concen tration in both films remains exactly at the same level from the top surface (t 0 s) to the substrate interface that appears at around 900 s. In this region, namely, NiO layer, the Ni element is uniformly distributed. This uniform elemental distribution along depth is also found in the profiles of Li and Mg as depicted in panels (b) and (c). In order to eradicate any discrepancies and make the SIMS analysis more precise, the Cs þ cluster signal ( Mg show a sig nificant increase and homogeneous distribution in the NiO:(Li, Mg) 25 W film compare to the pure NiO film corresponding to a much higher degree of both Li and Mg concentrations. However, even if the SIMS results are a powerful evidence of the existence of the two elements within NiO films, quantification is very challenging because of matrix and charging effects and finally is only possible with the use of standards (in order to define the Relative Sensitivity Factor RSF), which provides the conversion from measured SIMS intensities (second ion yield signal) to impurity density (atoms/ cm 3 ) or concentration (ppm, ppb, %, …) and is not always propor tional to their real concentration. Even though SIMS is generally considered to be a qualitative technique due to the large variation in ionization probabilities among different materials, quantification of Ni and Li in the films cannot be realized here because of the large RSF difference of the two different elements due to the matrix and charging effects. For instance, one element in a proper amount could then appear in various SIMS intensities in different matrix (see for instance Si in Si, SiC, Si 3 N 4 and SiO 2 matrix in B. Kasel et al. [13] ,) and two different elements could be detected with SIMS in tensities not proportional to their real concentration. In our case, i.e. in Fig. 1b , only the SIMS intensities are reported. The impurity density is not provided. The relative intensities of Li in NiO and NiO(Li, Mg) materials can be compared whereas the matrix and charging effects are supposed to be identical. 
Structure and morphology analysis
The XRD patterns of pure NiO and NiO:(Li, Mg) thin films are shown in Fig. 3 . All XRD patterns exhibit characteristic Bragg's peak of the NiO cubic structure with a (111) . Based on repeated measurements with exactly the same parameters in different zones in both pure and doped NiO, it is confirmed that the extra peak at 1600 cm À1 arises from the additional elements. This extra peak cannot be attributed to pure MgO [20] and/or Li 2 O or LiNiO 2 [21, 22] and then could be attributed to the specific Raman signature of the NiO Li, Mg co doping. The influence of the Li/Mg addition on the structure has not been fully understood. It is reported that presence of more Raman active bands is a sign of a distorted structure [23] . 
Optical properties
In agreement with nonstoichiometric NiO films, the trans mittance of the as deposited state is below 70%. With Li Mg power increasing, there is a significant decrease in optical absorbance associated with an increase in transmittance, especially in the blue range (Fig. 6 aeb) . The average transmittance in the 330 < l < 500 nm short wavelength is calculated to be 48%, 55%, 57% and 54% for Li Mg power 0 W, 10 W, 25 W and 80 W, respec tively. The transmittance increases of 17% at 350 nm and the absorbance decreases of 23% at 320 nm from pure NiO to Ni Li Mg oxide (Li Mg power/25 W). The strong absorbance at l < 320 nm arises from the typical semiconductor bandgap, which is widened as a result of the Li Mg alloy power increase [4] . The absorbance edge of NiO:(Li, Mg) films is shifted to shorter wavelength and such blue shift arises from the substitution of Ni with Mg [24] . The calculated direct optical band gap increases from 3.81 eV for pure NiO films to 4.02 eV (Li Mg power/80 W) as summarized in inset of Fig. 6b . In addition, the reflectance increases before l 350 nm and then decreases overall in the 350 < l < 800 nm range but remains below 20% after Mg and Li additions.
Color properties of NiO:(Li, Mg) films were quantified using chromaticity coordinates (Table 3) . La Commission Internationale de I'Eclairage (CIE), as the one commonly used color system, is based on color matching functions that are converted to tristimulus values [6] . The latter reflects the human perception of color and chromaticity coordinates (x, y, z) correspond to red, green and blue primaries, respectively. Color neutrality is represented by (0.3333, 0.3333, 0.3333) [4] . Looking at the values for the 25 W, the z Blue component does increase from 0.3024 to 0.3173, closer to the desired 0.3333. It is evident that the additional guest elements changes the visual appearance towards a more color neutral state primarily by increasing the contribution of the blue part of the spectrum (i.e. the z component), which is consistent with the enhanced optical transmittance at 435 nm. Thereby, the color neutrality is improved, which corresponds to data in Table 3 . 
Electrochromic behavior
Electrochemical switching in Fig. 7 is carried out in non aqueous electrolyte (1 M PC/LiClO 4 , Pt counter electrode, Ag/AgCl reference), combined with in situ measurements of optical transmittance as shown in Fig. 8 . For the 100th cycle, the CVs exhibit similar shapes and the reduction peaks (Ⅰred,Ⅱred) potentials appear close to that of the 2nd cycle while both oxidation peaks (Ⅰox,Ⅱox) shift towards a more positive potential compared to the 2nd cycle. Boschloo and Mihel ci c [25, 26] [27] , which is closely related to the charge capacity. The charge capacity, together with electrochromic efficiency, will lead the optical transmittance. When the power increases to 80 W, however, a different dense morphology with elongated particles is accompanied by the decline of optical modulation. On the one hand, film morphology evolution can to some degree account for the excellent optical variation ability (25 W); on the other hand, the study of bleaching/coloration charge and high efficiency for 25 W (Fig. 9 ) also provides some evidence to support such optical behavior. A small Li Mg power (0 W, 10 W) could firstly decrease the film charge capacity while then there is an increase with power (25 W, 80 W). Particularly, the color efficiency, defined as the ratio of optical density to charge capacity, reaches its peak value when the power is 25 W in the 100th cycle. Overall, a better balance between bleaching and coloring charge/efficiency is achieved in the 100th cycle comparing to the 2nd cycle. Despite that the films show a decrease in charge capacity after 100 switching cycles (with the exception of power/10 W), the bleaching/coloration efficiency still shows a slight increase as compared to the initial cycle, which in dicates films can evolve to better properties along with repeated electrochemical cycles. Summarizing, the advantage of incorpo rating Li and Mg elements (power/25 W) to NiO based films is obvious, which could not only bring enhanced optical trans mittance in short wavelengths without compromising electro chemical properties, but bring long desired characteristics such as good cycling performance and excellent EC efficiency.
With regard to the NiO:(Li, Mg) films cycling in 1 M LiClO 4 /PC electrolyte, the EC efficiency value can reach as high as 60 cm 2 /C ( Fig. 9 ) and response time for bleaching and coloration is 1.0 and 2.5 s, respectively (Fig. 10) . The coloration efficiency value 40e60 cm 2 /C and switching time 1.3e3 s have been reported in the literature [28e30] for oxides, and in particular WO 3 . The compa rable values directly prove that high transparency in short wave length is obtained without compromising the EC properties. Typical variations of the bleached and colored transmittance spectra of NiO:(Li, Mg) oxide films as a function of Li Mg alloy power are shown in Fig. 10 . The bleached transparency depicted in Fig. 11a is always higher than the initial (as deposited) state shown in Section 3.3, which confirms the existence of Ni 3þ ions [31] in NiO:(Li, Mg) films. The optical variations at 500 nm are 49%, 36%, 57% and 44% corresponding to 0 W, 10 W, 25 W and 80 W of Li Mg alloy power. It is noteworthy that in bleached states of the maximum transmittance, the optical modulation decreases with a small Li Mg power and then is significantly enhanced for the Mg Li containing film with power increasing to 25 W almost over the full spectra range. Again, the optical contrast shows a dramatic decline when the power is as large as 80 W. The most interesting is the flatness feature of the bleached state transmittance curve after a wavelength of 340 nm, as it is characteristic of a neutral color property. For the bleached films with different Li Mg powers, the difference in transmittance is especially large at 330 < l < 400 nm and 500 < l < 600 nm as shown in partial enlargement spectra in and enlarged DT as a function of potential in Fig. 11c . DT increases from 54 to 66% with potential ranging from ±1.5 V to ±2 V.
EC performance of NiO:(Li, Mg) based device
In light with an enhanced bleached transparency in short wavelengths (Fig. 6 a) and improved electrochemical charge ca pacity (Fig. 8) is applied as the electrolyte layer sharing two interfaces with the active materials in the device, assuring the color change of the complete device. The layers of the display are all prepared by sputtering and detailed deposition process can be found in our former work [32e34] . To the best of our knowledge, it is the first time that in the full EC device preparation economical commercial Li Mg alloy is used to incorporate Mg and Li elements to NiO films. On one hand, Mg additive helps broaden optical gap and enhance bleached transparency in short wavelengths, meanwhile, improve electrochemical charge capacities. On the other hand, inorganic lithium driven device can be made successfully without applying LiTaO 3 or LiNbO 3 traditional ceramic targets [35] .
As depicted in Fig. 12a , the EC modulation range enlarges with Li Mg power increasing from 0 to 25 W and then becomes smaller with power further increase to 80 W. When higher potential as well as longer bleaching/coloring time (100 s) is applied to the device (NiO:(Li, Mg) 25 W), higher transmittance variations can be ach ieved up to 56%. However, the device shows 4.5% optical modula tion degradation when potential increases to 4.0 V (Fig. 12b) . As a consequence, a voltage window of 3.5 V is applied to investigate the optical transmittance of the bleached/colored device in the full spectra (Fig. 12c) . Here, the most interesting feature is the flatness of the transmittance curve after wavelength 400 nm, as it is char acteristic of a neutral color property. Furthermore, the distin guished color neutrality of the full device is also evidenced by the chromaticity coordinates, with (0.3477, 0.3447, 0.3076) and [36, 37] . Additionally, the multiple layers can be clearly observed in the cross section of the device Glass/ITO/NiO:(Li, Mg)/Ta 2 O 5 /WO 3 /ITO (Fig. 12d) . , the use of Li Mg alloy makes the device prepara tion simplified and more efficient. In our work, monolithic inor ganic device Glass/ITO/NiO:(Li, Mg)/Ta 2 O 5 /WO 3 /ITO with excellent electrochromic, EC, performance is successfully fabricated and the existence of Li as well as Mg within NiO based films is proved applying SIMS and XPS techniques. Using DC magnetron sputtering, the co doping of NiO with Mg and Li with the purpose of simul taneously widening the gap and avoiding the use of Li containing electrolyte, through NiO pre lithiation was investigated. Incorpo ration of Mg to NiO thin film is shown to broaden its optical band gap and enhance the bleached transparency in short wavelengths. NiO:(Li, Mg) films exhibit neutral color feature as well as good electrochemical cycling stability without sacrificing their charge capacities in particular for films grown using a Li Mg target with a power of 25 W. Li in NiO layer is the main factor contributing to the color change. In summary, on one hand, elements of Mg and Li can bring positive doping effect to Ni oxide. On the other hand, a different device without lithium salt electrolyte as the electrolyte layer can be fabricated. This new approach would benefit practical EC devices desired for their successful commercial applications and investigations are still ongoing.
